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MinireviewWill the Real Integrin
Please Stand Up?
(called either an A or I domain by different authors, and
I domain here), in a manner thoroughly reminiscent of
the heterotrimeric G proteins (see below). Instead of a
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Site, in which a metal ion is coordinated by three loops
from the I domain, and a glutamic or aspartic acid from
the ligand completes an octahedral coordination sphereRecent structure-function studies of integrins are be-
around the metal. The tertiary structure of the head do-ginning to unravel the mechanism of signal transduc-
mains had been accurately anticipated [9,10], but thetion across the plasma membrane, but controversy
details of the  association had not: a helix that ema-exists over the nature of the conformational changes
nates from one of the MIDAS loops packs against theunderlying this process.
central axis of the propeller, thus providing a potential
link between ligand binding and the quaternary struc-
The integrins are a family of proteins that reside in the ture. The remaining domains of the two subunits form
plasma membrane of most cells of multicellular organ- a pair of legs that contact each other along their length,
isms. The name was coined in 1986 “to denote its role ending at their closely apposed C termini. The crystal
as an integral membrane complex involved in the trans- structure had one big surprise: the overall structure was
membrane association between the extracellular matrix expected to have straight legs (based on EM observa-
[ECM] and the cytoskeleton” [1]. Since that time, it has tions), but instead it is severely bent at the knees (Fig-
become clear that integrins do much more than provide ure 2).
molecular glue; they are signaling molecules that govern The authors proposed that this genuflected integrin
the pathways controlling the life and death of cells. For was a packing artifact, and, indeed, the knee (or “genu”
example, cells that do not know their place in life, be- in their terminology) does form a major crystal lattice
cause they fail to attach to the correct tissue via the contact, packing tightly against the underside of the
correct integrin, are eliminated during development or propeller of a neighboring molecule. Furthermore, elec-
tissue remodeling in a variety of programmed cell death tron density is poor or lacking for a large region of the
called anoikis, from the Greek for homelessness [2].
 knee (including the first, second, and third EGF do-
Integrins are  heterodimers, consisting of a head mains), which could be indicative of a distorted confor-
domain from which emerge two legs, one from each mation. Since the crystallized fragment bound ligand
subunit, ending in a pair of single-pass transmembrane with high affinity in solution and was able to bind peptide
helices and short cytoplasmic tails (Figure 1). In the ligand mimetics in the crystal, the authors suggested
absence of ligand, bonds between the legs and tails that the structure represented the “active” state of the
hold the head in an “inactive” conformation that has low integrin.
affinity for ligand [3]. During “outside-in” signaling, ECM Based on the structure of the “missing” segment,
binding to the head triggers conformational changes modeling, and the location of epitopes for activating
that are propagated down the “legs” and through the antibodies, Springer’s group has recently challenged
plasma membrane, leading to a separation of the C-ter- these conclusions [6]. They first determined the solution
minal tails that allows them to bind intracellular proteins; structure of the third EGF domain (EGF3); this was partly
these include cytoskeletal proteins such as talin, and ordered in the crystal structure, and the NMR structure
signaling molecules such as Focal Adhesion Kinase [4]. suggests a different disulfide arrangement. This may
During “inside-out” signaling, cytosolic proteins bind well be an error in the chain trace, as Springer and
and sequester one of the cytoplasmic tails, triggering colleagues suggest, or, more intriguingly, it might ratio-
conformational changes in the head that lead to a high- nalize the results from Smith’s group that suggest that
affinity “active” integrin. Understanding the structural disulfide swapping accompanies activation [11].
basis of these conformational switches has presented Springer’s group next went on to determine the pack-
a formidable challenge, but the recent publication of the ing relationship between EGF2 and EGF3, using three
crystal structure of the entire extracellular portion of an unambiguous interdomain NOEs. They then modeled
integrin has caused much excitement in the field [5]. the module pair into the crystal structure by superposing
The structure reveals most of the atomic architecture the module onto the part of EGF3 domain that could be
of the integrin but by itself tells us rather little about traced in the X-ray map. The module packs against the
how it functions. However, three new papers build on  calf; importantly, a number of activating antibody epi-
the crystallographic work [6–8], and a detailed under- topes map to this region. One of these is buried between
standing of integrin allostery is beginning to emerge. the thighs, consistent with an opening of the legs on
In the crystal structure, the “head” comprises a seven- activation; that is, the “legs together” conformation in
bladed propeller from the  subunit that makes an inti- the crystal structure represents the “inactive,” low-affin-
mate contact with a GTPase-like domain of the subunit ity state, contradicting the proposal by Arnaout’s group.
Springer’s arguments are reasonable and consistent
with previous models of integrin activation. However,1Correspondence: rlidding@burnham.org
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Furthermore, solvent exposure of selected epitope resi-
dues is necessary but not sufficient for antibody binding,
as these authors’ own prior work with an activating anti-
body against M2 has demonstrated [12], and it is
possible that more limited quaternary changes may be
responsible for the observed effects. The work from the
Humphries group would also seem to illustrate this point
(see below).
Moving on now to the -I domain, based on their
original crystal structure, Arnaout’s group proposed that
the -I domain is already in an active conformation.
There are various reasons to think that this is not the
case. In certain integrins, an additional domain is in-
serted into the  subunit in a loop on the upper surface
of the propeller; this domain, the -I domain, is closely
homologous to the -I domain. The -I domain is a major
ligand binding site, and crystal structures of recombi-
nant domains with and without ligand have demon-
strated a dramatic conformational switch between
“closed” and “open” states involving a change in the
details of metal coordination at the MIDAS motif that is
mechanically linked to a 10 A˚ downward shift of the
C-terminal helix (7) [13]. As pointed out by Springer’s
group, the conformation of Arnaout’s-I domain is much
more similar to the “closed” (i.e., inactive) conformation
of the -I domain. Arnaout states the opposite, but the
Figure 1. Integrin Extracellular Domain Organization basis for his conclusion is unclear.
Labeled balls (a–d) indicate activation epitopes (see text). In a new paper, Arnaout’s group has soaked a short
circular peptide that acts as a ligand mimetic into the
same crystals [8]. The peptide contains the RGD motifhe goes one step further: since the epitopes for two
found in a large number of matrix proteins and whichother activating antibodies are located on the outside
forms the quintessential integrin recognition motif. Theof the  knee, but obscured by the  hybrid domain in
aspartic acid engages a metal ion bound at the MIDASthe crystal structure, they conclude that the genuflected
motif, as predicted (in the -I domain, a glutamic acidintegrin represents the inactive conformation in vivo and
plays the same role). Significant conformational changesthat a “switch-blade” (“flick-knife” in British English)
are induced by ligand binding. The three loops compris-opening of the integrin is associated with activation:
ing the MIDAS motif reorganize so that they can engagethat is, the integrin stands up.
a metal ion; in particular, the DxSxS motif attached toThere are some problems with this proposal. First, a
the A-1 loop shifts by 2 A˚ toward the 3-4 loop,large number of EM studies have so far failed to detect
just as it does in the -I domain; this motion allowssuch a conformation. Second, the authors do not sug-
a metal ion to coordinate sidechains from both loopsgest how this movement would be linked to tertiary and
simultaneously. In the -I domain, the motion of the A-1quaternary changes in the head, so that at this point
loop squeezes out a phenylalanine at the top of thestraightening of the legs is superfluous to their opening.
C-terminal helix, triggering the large downward shift of
the helix. In the liganded -I domain, the top of this helix
also appears to be squeezed out. It would appear though
that the quaternary organization frustrates further con-
formational changes in this region. The third loop in-
volved in metal coordination—D-5—undergoes a dra-
matic flip in the -I domain that shifts the aspartic acid
away from direct coordination of the metal ion. This
loop is shifted little in the -I domain. Again, it may be
frustrated by the quaternary structure—the loop is the
beginning of the loop that locks into the  propeller.
Thus, the structural changes observed, when compared
with those in the -I domain (which are not restrained
by quaternary contact), make very good sense if the
unliganded -I domain is in the closed state, and the
RGD-bound structure represents a liganded domainFigure 2. Cartoon of Integrin Activation
within the context of a closed quaternary structure.
On the left, the genuflected integrin found in the crystal structure
A recent paper by Humphries’ group [7] provides fur-[5], and proposed by Springer’s group [6] to represent the inactive
ther intriguing data on the nature of conformationalstructure. On the right, a model of the inactive structure based on
EM images. In both cases, the legs separate on activation. switching in the -I domain. They have mapped the
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being transmitted along its legs? EM images of liganded
integrin certainly give support to such a model [16],
but, clearly, the crystal structure of a true ligand-bound,
active integrin is urgently required to understand how
the quaternary structure controls the tertiary structure,
and vice versa, and thus the molecular basis of integrin
signaling.
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In conclusion, the analogy with the heterotrimeric G
proteins remains compelling. In the G proteins, the
GTPase domain locks onto the propeller domain, regu-
lating ligand binding in two ways: steric blockade of the
propeller and allosteric control of the GTPase domain.
On GTP hydrolysis, the GTPase domain dissociates from
the propeller, enabling both domains to bind their re-
spective ligands [15]. Does the integrin head behave in
an analogous manner, with these conformational changes
